Three new dinitrosyl iron complexes LFe(NO) 2 (L = 2,2 0 -bipyridine (bipy) (1), 2,2 0 ,2 00 -terpyridine (terpy) (2) and 1,10-phenathroline (phen) (3)) were synthesized by the reaction of Fe(NO) 2 (CO) 2 with corresponding ligands in tetrahydrofuran. Complexes 1-3 were studied using IR, UV-vis, MS, NMR, and electrochemical techniques. Complexes 1 and 2 were also characterized using single crystal X-ray diffraction analysis. IR spectra of complexes 1-3 display two strong characteristic NO stretching frequencies (ν NO ) in the region reflecting donor properties of the ligands. Cyclic voltammetry studies show two quasi-reversible one-electron reductions for all complexes. Electrochemical investigations using different concentrations show that an irreversible one-electron reduction at -1.85 V for complex 2 and -1.80 V for complex 3 are from solvated species. Single-crystal X-ray structural analysis reveals that complex 1 crystallizes in the triclinic P1 space group and the asymmetric unit consists of one Fe(NO) 2 (bipy) molecule with the two NO groups located on two sides of Fe(bipy) plane. Complex 2 crystallizes in monoclinic P21/n space group, and the asymmetric unit contains one Fe(NO) 2 (terpy) molecule, in which the NO groups are located on two sides of the plane consisted of Fe and two coordinated pyridyl rings, but almost parallel to the uncoordinated pyridyl ring. The crystal packings of both complexes 1 and 2 show intermolecular H-bonding and strong π-π stacking interactions.
Introduction
Nitric oxide's specific roles in many physiological functions remain unclear. A number of attempts to fully elucidate these functions have revealed the involvement of iron dinitrosyls. Dinitrosyl iron complexes (DNICs) which are protein-bound have a typical g av = 2.03 electron paramagnetic resonance (EPR) signal. This has been observed in the process of the degradations of the C. botulinum iron-sulfur proteins and the C. Vinosum high potential iron protein (HIPIP-type iron-sulfur protein).
1 DNIC Cys 2 Fe(NO) 2 is formed when the immune system utilizes NO to combat intracellular pathogens in cells.
2 Endothelium-derived relaxing factor (EDRF), responsible for relaxing blood vessels, stabilizes NO in cells, facilitates the transfer of NO into tissues, and releases the radical in its active free state, was found to be a DNIC.
3 Muller et al. and others have observed non-heme DNICs acting as NO storage molecules. 4 Lee et al. identified three types of EPR-active non-heme iron nitrosyl complexes in mammalian ferritins, which have been attributed to iron nitrosyl complexes with imidazole groups of histidine, thiol groups of cysteine, or carboxylate groups of aspartate and glutamate. 5 These recent developments involving the physiological implications of nitric oxide have spurred intense interest in transition metal nitrosyl complexes, especially those that mimic the structures of biologically active metal-nitrosyl complexes.
6 A large number of DNICs containing amino *To whom correspondence should be addressed. E-mail: lli@csulb.edu.
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acids, peptides, and thiol ligands have been synthesized and proven to be useful in serving as structural models for active sites in iron sulfur proteins. 6c,7,8 However, very few structures of isolated DNICs containing N-donor ligands have been reported. 9 The trend has been to detect the presence of these compounds by IR and EPR rather than to isolate them, because isolation and structural determination of these compounds are extremely tedious and difficult. In the search of literature precedent in the area of isolated DNICs with N, N 0 -chelating ligands, we found very limited examples that exist despite the fact that coordination of N,N 0 -chelating ligands to transition metals is very common. 11 It was reported that reaction of [Fe(NO) 0 ,2 00 -terpyridine (terpy) (2), and 1,10-phenathroline (phen) (3). The isolation and investigation of this new class of compounds help us to gain an insight on the structures of non-heme iron nitrosyls and establish the important relationship between structures and functions of these molecules in biological systems.
Experimental Section
Materials and Methods. Fe(NO) 2 (CO) 2 was synthesized according to the reported procedure.
14 Other chemicals were purchased from Aldrich Chemical Co. and were used without further purification. All solvents were purified and/or dried by standard techniques and degassed under vacuum prior to use. IR spectra were recorded on a Nicolet AVATAR 380 FT-IR infrared spectrophotometer. UV-visible spectra were measured on a Varian Cary 300 Bio UV-visible spectrophotometer. Mass spectra were obtained with a Finnigan MAT 95 MS spectrometer. The 1 H-and 13 C NMR spectra were obtained on a Bruker 400 MHz NMR spectrometer, using tetramethylsilane as an internal standard.
Synthesis of Complex 1. A mixture of Fe(NO) 2 (CO) 2 (0.1 mL, 0.9 mmol) and 2,2 0 -bipyride (140 mg, 0.9 mmol) in tetrahydrofuran (THF, 5 mL) was stirred 48 h at ambient temperature under nitrogen atmosphere. At the beginning, a great amount of bubbles was produced upon the addition of Fe(NO) 2 (CO) 2 to the solution. þ m/z = 349.14 (calc), 348.74 (expt). Synthesis of Complex 3. Complex 3 was obtained using the 1,10-phenathroline by the same procedure as described above for 1. Yield: 235 mg (88.2%). IR (Solid ATR): υ (NO) 1686, 1614 cm þ m/z = 296.07 (calc), 296.07 (expt).
Crystallography. Complexes 1 and 2 were glued to a thin glass fiber with epoxy resin and collected on a Bruker APEX II diffractometer equipped with a fine focus, 2.0 kW sealed tube X-ray source (Mo KR radiation, λ = 0.7103 Å ) operating at 50 kV and 30 mA at 273 K. The crystallographic collection and refinement parameters for complexes 1 and 2 are listed in Table 1 . The empirical absorption correction was based on equivalent reflections, and other possible effects, such as absorption by the glass fiber, were simultaneously corrected. Each structure was solved by direct methods followed by successive difference Fourier methods. All non-hydrogen atoms were refined anisotropically. Computations were performed using SHELXTL, and final full-matrix refinements were performed against F 2 . The SMART software was used for collecting frames of data, indexing reflections, and determination of lattice constants; SAINT-PLUS for integration of intensity of reflections and scaling; SADABS for absorption correction; and SHELXTL for space groups and structure determinations, refinements, graphics, and structure reporting. [15] [16] [17] Electrochemistry. Cyclic voltammetry (CV) was carried out with a CH Instruments electrochemical analyzer 730A. A threeelectrode system consisted of a platinum working electrode, a platinum wire counter electrode, and an Ag/Ag þ reference electrode was used. The reference electrode was separated from the bulk of the solution by a fritted-glass bridge filled with the solvent/supporting electrolyte mixture. All CV data were recorded with the scan rate of 100 mV s -1 in THF with tetrabutylammonium hexafluorophosphate as the supporting electrolyte. All potential values are reported versus ferrocene/ ferrocenium ion; and the E 1/2°( Fc/Fc þ ) under our experimental conditions are 0.20, 0.19, and 0.20 V for complexes 1-3, respectively.
Results and Discussion
Synthesis of the Complexes. It has been demonstrated that the carbonyl groups of Fe(NO) 2 (CO) 2 can be easily replaced by phosphorus-containing or sulfur-containing ligands to produce the dinitrosyl complexes as reported in previous studies. 13, 18 In rare cases, it can be replaced by nitrogen-contained ligands. were prepared, as shown in Scheme 1, by the reaction of Fe(NO) 2 (CO) 2 with the appropriate ligand in THF at ambient temperature. All reactions were performed under N 2 atmosphere in a glovebox and were monitored by FT-IR spectroscopy. Upon the addition of Fe(NO) 2 -(CO) 2 to the solution containing ligands, a great amount of bubbles were produced, and the characteristic IR absorptions of nitroysl groups (ν NO ) were shifted to lower frequencies as the carbonyls were being replaced by the ligands. The observations are consistent with the results obtained from MS, NMR, and single crystal X-ray diffraction. Complex 1 was obtained as a green solid with 86.4% yield, while complexes 2 and 3 were isolated as brick red solids with 81.5% and 88.2% yield, respectively. X-ray quality single crystals for 1 and 2 were obtained by slow evaporation of the solvent, THF, or methanol. Complexes 1-3 are stable in the solid state under nitrogen, and all three complexes are relatively soluble in most polar organic solvents including dichloromethane, methanol, and THF, but are insoluble in diethyl ether and hexane.
Spectroscopic Characterization. The infrared spectra of 1-3 were recorded in THF solution and in solid (ATR) (Supporting Information, Figure S1 ). Upon reacting with the ligands, the typical carbonyl stretching frequencies (ν CO , 2087 and 2037 cm -1 ) from the start material, Fe-(NO) 2 (CO) 2 , disappeared, indicating that both carbonyl groups are replaced by the bidentate ligands 2,2 0 -bipyridine, 2,2 0 ,2 00 -terpyridine, or 1,10-phenathroline as observed in the crystal studies. In the meantime, the characteristic IR absorptions of nitroysl groups (ν NO The 1 H NMR and 13 C NMR spectra of the complexes 1-3 were recoded in DMSO (Supporting Information, Figure S2 -S4). The 1 H NMR of complex 1 shows four sets of resonances between 7.54 ppm and 8.66 ppm, and the 13 C NMR shows five distinct peaks in the aromatic carbon region, which are assigned to the coordinated bipy ligand. Complex 3 exhibits four sets of resonances between 7.74 and 8.86 ppm with two of them very close to each other, and the 13 C NMR shows six distinct carbons which correspond to the protons and carbons in the coordinated phen ligands, respectively. The NMR results indicate that both complexes 1 and 3 possess high symmetry. On the contrary, complex 2 displays seven sets of resonances between 7.07 and 9.21 ppm, which are attributed to the magnetic inequivalence of the three pyridyl rings in the terpy ligand, meaning this compound bears low symmetry. These observations are consistent with the results found in the crystal structures of complexes 1 and 2, which show that the two NOs are symmetrically located on two sides of the Fe(bipy) plane in complex 1, while in complex 2, the two NOs are distributed in two sides of the plane consisting of Fe and two coordinated pyridyl rings but almost parallel to the uncoordinated pyridyl ring.
The electronic absorption spectra of complexes 1-3 are shown in Figure 1 . Complex 1 shows one strong absorption at 211 nm, two medium absorptions at 245 and 294 nm, and two weak absorptions at 390 and 471 nm. It is similar to the spectrum of 2, which displays one strong absorption at 211 nm, two medium absorptions at 272 and 304 nm, and two weak absorption bands at 374 and 470 nm. Complex 3 reveals two strong absorptions at 212 and 224 nm, one medium absorption at 271 nm, one shoulder at 290 nm, and two weak absorption bands at 389 and 470 nm. These absorptions mainly arise from the transitions between orbitals delocalized over the bidentate [N,N] Electrochemical Properties. The redox behavior of complexes 1-3 was studied by CV in THF. The experiments were performed with a three-electrode system (Platinum working electrode, Platinum counter electrode, and Ag/AgNO 3 reference electrode) and tetrabutylammonium hexafluorophosphate as the supporting electrolyte. The half-wave potentials for these complexes are presented in Table 2 . As shown in Figure 2 , complex 1 exhibits two quasi-reversible one-electron reductions at -0.48 V and -2.07 V [versus E 1/2°(Cp2Fe/Cp2Feþ) ], while complexes 2 and 3 show two quasi-reversible one-electron reductions at -1.09 V, -2.07 V and -0.50 V, -2.05 V, and one irreversible reduction at -1.85 V and -1. -couple, while the reductions close to -2.07 V are believed to be the usual ligand-based reductions. 11 The half-wave potential of the first reduction peak for complex 2 is clearly more negative than the corresponding values for complexes 1 and 3, showing that complex 2 is more difficult to reduce. It is consistent with the greater electron donor effect of the uncoordinated pyridyl ring in complex 2. The results indicate that the electronic property of the ligands has important influence on the electrochemical properties of the relevant complexes.
It should be pointed out that the peak intensity of the second reduction is very small in comparison with the first and third ones for complexes 2 and 3. Since the purity of samples has been confirmed by NMR spectra, the unusual peaks are thought to be from a solvated species. To demonstrate this hypothesis, different concentrations of complex 2 solutions were used to perform the electrochemical test, and the results are shown in Figure 3 . As expected, the CV showed that the intensities of the first and third reduction peaks clearly decreased when the concentrations descended from 1.0 mM to 0.25 mM, but the second reduction peak at -1.85 V did not change much. The relative intensities for the second reduction increased with the addition of solvent, indicating that it is indeed a solvated species. This is consistent with the experimental observations that the solubility of those complexes is clearly bigger in the coordinating solvents such as methanol, THF, and acetonitrile. A similar phenomenon has also been found in our previous investigations for the tetranuclear iron complex [Fe(NO) 2 (Im-H)] 4 . 9b The studies show that this kind of DNIC, which Figure 1 . Electronic absorption spectra of complexes 1 (solid), 2 (dash), and 3 (dot) in THF. bears nitrogen-contained ligands, has the tendency to solvate in the coordinating solvents. Structural Studies. The molecular structures of complexes 1 and 2 have been determined by X-ray diffraction analysis, and the selected bond lengths and bond angles are listed in Table 3 . They are all neutral based on the X-ray resolved molecular formula. As shown in Figure 4 , complex 1 crystallizes in the triclinic P1 space group, and the asymmetric unit consists of one Fe(NO) 2 (bipy) molecule with NO groups in the two sides of Fe(bipy) plane. Each iron center is connected to four nitrogen atoms, which include two from the nitrosyls and two nitrogen atoms from the bipy ligands, with a pseudotetrahedral geometry. The 6c It is consistent with the suggestion that the "attracto" conformations are generally favored in first-row transition-metal dinitrosyls with π-accepting ligands. 22 The average Fe-N-O bond angle of 167.9°is thought to be close to linear formation, indicating that the nitrosyl moieties exhibit sp hybridized NO þ character in complex 1; The crystal packing diagram of complex 1 reveals a layering effect in which different layers interact by the π-π stacking and H-bonding effects ( Figure 5 ). The Fe(NO) 2 (bipy) molecules of different layers are staggered with iron nitrosyls in the opposite sides. Interestingly, the two aspectrant bipyridine rings almost completely overlap, which is expected because the space hindrance is compensated by the H-bonding interactions of nitrogen and oxygen atoms of nitrosyls with the hydrogen atoms from the adjacent bipyridine ligands. As shown in Figure 6 , the distance is 3.5880 Å between planes I and II, and 3.6264 Å between planes II and III, indicating that there are quite strong π-π stacking interactions between the two aspectrant bipyridine ligands, but the interactions are stronger inside the separate units consisting of two Fe(NO) 2 (bipy) molecules than between the separate units. The supramolecular structure is formed based to these associated factors in the crystal packing structure.
Complex 2 crystallizes in the monoclinic P21/n space group, and the asymmetric unit contains one Fe(NO) 2 -(terpy) molecule (Figure 7) . Similar to the complex 1, each iron center is also connected to four nitrogen atoms, which include two from the nitrosyls and two nitrogen atoms from the terpy ligands. The uncoordinated pyridyl is perpendicular with the plane consisting of an iron atom 
tively. In both complexes 1 and 2, Fe-N( NO ) bond distances are all clearly shorter than Fe-N( N,N-L ) distances, indicating the NO groups are much better π-acceptors than either 2,2 0 -bipyridine or 2,2 0 ,2 00 -terpyridine.
As shown in Figure 8 , the packing diagram of complex 2 also exhibits π-π stacking and H-bonding interactions. Analogous to complex 1, The Fe(NO) 2 (terpy) molecules of different layers are also staggered to make the uncoordinated pyridyl away from each other and the iron nitrosyls in the opposite sides. The two coordinated pyridyl rings of 
Conclusions
Three DNICs, LFe(NO) 2 (L = 2,2 0 -bipyridine (bipy) (1), 2,2 0 ,2 00 -terpyridine (terpy) (2), and 1,10-phenathroline (phen) (3)), were synthesized by the reaction Fe(NO) 2 (CO) 2 with the corresponding ligands in THF and were studied by IR, UV-vis, MS, NMR, and electrochemistry. Complexes 1 and 2 were also characterized using single crystal X-ray diffraction analysis. IR spectra of complexes 1-3 displayed two strong characteristic NO stretching frequencies (ν NO ) in solid with the characteristic of NO þ . The electronic absorption spectra all show five main bands in the range of 211-471 nm, which are assigned to the transitions between orbitals delocalized over the bidentate [N,N] . CV showed two quasi-reversible oneelectron reductions for the complexes 1-3 and an irreversible reduction from a solvated species for complexes 2-3. The results are coincident with the experimental observation that the solubility of those complexes is clearly larger in the coordinating solvents such as methanol, THF, and acetonitrile. Single-crystal X-ray structural analysis revealed that complex 1 crystallizes in triclinic P1 space group and the asymmetric unit consists of one Fe(NO) 2 (bipy) molecule with NO groups in the two sides of Fe(bipy) plane, while complex 2 crystallizes in the monoclinic P21/n space group and the asymmetric unit contains one Fe(NO) 2 (terpy) molecule, in which NO groups locate on two sides of the plane consisting of Fe and two coordinated pyridyl rings but almost parallel to the uncoordinated pyridyl ring. In addition, intermolecular H-bonding and π-π stacking interactions were observed in both complexes.
